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SECTION I

SUMMARY OF THE COMMITTEE'S CONCLUSIONS AND RECOMMENDATIONS

A. Introduction

Erosion, which has been a traditional proklem in a
variety of systems involving liquids and particles, is now
becoming a major problem in military missile systems,
limiting their ability to carry out missions in rain, hail,
snow, fog, and dust. Specifically, infrared (IR) windows
and radomes employed in such operational systems must not be
damaged by the environment to the point that the performance
of the associated system is excessively degraded.
Performance degradation may result from several causes.
Decreased transmission (due to heating or to scattering that
results from erosion by dust particles and water droplets,
for example) may cause excessive attenuation of the signal.
In addition, the scattering may flood the detectors with
radiation from extraneous sources (e.g., sunlight), reducing
sensitivity through saturation and increased noise.
Finally, deformation (due to cracking or softening) may
degrade image quality to the point where system resolution
is inadequate.

In addressing such problems as those mentioned above,

this committee considered:

a) System Requirements
b) Impact Stress & Materials Response
c) Physical Limitations

1




4) Promising Materials
e) Manufacturing Technology
f) Promising Design Improvements

Accordingly, a discussion of each of these topics as it
pertains to the erosion problem is documented elsewhere in
this report. The major conclusions and recommendations as
they apply generally as well as specifically to each of the
above topics are presented in this portion of the report.
References are made in this presentation to sections in the
body of the report where argumentation can be found to
support the various conclusions and recommendations.

During the committee's investigations two recurring
issues emerged. These were:

) There is no single source and not much accessible

information in the literature concerning analyses
(first order approximations) based on the
underlying physical phenomena. Such fundamental
approximations not only provide workers in various
aspects of IR window design with a quicker and
better understanding for each others' problems, but
could also be extrapolated reliably for new
regimes of IR appliéatiOns.

As a result, the committee has included in this
report a number of approximate fundamental

analyses primarily for their tutorial value.




L The objective of providing specific committee
recommendations involving development costs for
suggested work to be done on IR windows proved to
be beyond the resources of the study group. Such
development costs depend strongly on the
particular mission involved and gathering
background data for this or for similar
developments is a major effort that was deemed
inconsistent with the scope and charter of the
committee study.

B. General Conclusions_and Recommendations

1. Domes and windows for infrared (IR) radiation must
be designed to resist appreciable damage which can be

incurred even by single impacts of raindrops, hail, or

sleet. This is because their flight times are so long that
multiple impacts would cover the window (Sec. III.E.1). IR
domes and windows can, however, tolerate a limited number of
missions through fogq, snow, or dust (Sec. III.E.2), and
occasional impacts by larger particles.

2. In order to give more insight for such parameters
as the ultimate limits of materials in use, data and results
should be correlated on the basis of simple screening tests
and idealized analyses. For instance, investigations should
report the hydrodynamic impact pressure divided by the

material hardness and the flight distance normalized by the




drops per unit volume and the area per drop, so as to give
the number of impact per site (Sec. III.E.1). Other
examples include drop penetration through a deflecting
airstream (Sec. III.E.2) and lumped-parameter estimates of
thermal transients (Sec. III.E.4).

3. Bending, compression, and hardness tests should
also be included in the reporting of simple screening tests
(Sec. IV.E) for the materials investigated. For instance,
carefully conducted hardness tests using ball as well as
wedge or cone-shaped indenters can give useful tensile
strength and fracture toughness data for brittle materials,
or a measure of the resistance to plastic flow in more
ductile materials (Sec. IV.E.4). In the context of
hardness, it should be recognized that the dependence of
hardness on surface flaws is characteristic of actual
service use under erosion conditions. That is, gains in
hardness due to nearly flaw-free materials are likely to be
lost due to handling and environmental effects.

4. The major prospect for increasing the erosion
threshold velocity of hard, brittle materials, within
prescribed optical limitations, is to prestress the surface
in compression by chemical treatment, thermal quench, or
aerodynamic heating to depths of at least 1/10 the drop or
particle size (Sec. IV.E.4.a). Such a practice might double

the allowable erosion threshold velocity. 1If overall




thermal stresses are harmful, composition changes may
substantially reduce the thermal coefficient of expansion
(Secs. V.E., VI.A.2, VI.A.4) but at the expense of local
residual stresses that can be beneficial against erosion.

5. Diamond is the ultimate material in erosion
resistance, but its usage would involve great cost even with
sizes less than 15 mm or of mosaic structure. Sintered,
supported diamond has withstood an 0.5 mm nylon-bead impact
at 2200 m/s with no visible damage. (Actually, the
aerodynamic recovery temperature of 3000 °K would preclude
such speeds). Here, the diamond sample was opaque because
of the metallic binder used in sintering, but transparency
may be attainable. On the other hand, diamond is thermally
"thin" and will reach the Mach 4 recovery temperature of
1100° K within 2 sec. (Sec. III.E.4). Radiation from the
window itself, edge stresses, and strength of mountings must
be checked, as well as strength against fracture by bending
(Sec. IV.G). More modest but realistic advances might come
from the use of silicon nitride or silicon carbide (Sec.
VI.A.3).

6. Special attention needs to be paid to new
fabrication techniques and the removal of many of the
processing limitations that exist for attractive dome
materials. Such work includes fabrication of spinel and

silicon nitride with better forming to shape and low-cost




precision machining techniques. In many such cases an
appropriate technology exists, but now needs to be applied
to domes (Sec. VII).

7. sSignificant gaps exist in the data on thermal,
mechanical, and electrical-optical properties of dome
materials, including the effects of temperature. Much of
the existing data base has come from relatively basic
research (not applications oriented). This type of research
must be continually nurtured.

C. Specific Conclusions and Recommendations_ for
Section III: Systems Requirements

1. Different missions impose a variety of operational
requirements for altitude, Mach number, window size and
shape, and electromagnetic wavelength and transmission.
(Secs. II1.B,C,D).

2. Under typical conditions, hail will penetrate a
meter into a deflecting airstream, rain will break up in a
few drop diameters, and fog will penetrate 10 mm without
breakup (Sec. III.E.2).

3. By Mach 4 the stagnation or recovery temperature
rises to ~ 1000° K and the surface heat transfer coefficient
to 1000 W m—2K-1 (Sec. III.E.3).

4. Under different conditions, or in different
materials under the same conditions, different properties

may be controlling the thermal shock resistance. An example

is given in which zinc selenide which is thermally thick,




with only a hot layer on the surface, but diamond is
thermally thin, heated all the way through and vulnerable to
high edge stresses (Sec. III.E.4).

5. Humidity is not a factor in particle impact, but it
must be considered in long-time storage in moist
environments (Sec. III.E.S).

6. The optical performance of a system can be
seriously degraded by thermally induced optical distortion,
mechanically induced radome distortion, optical absorption,
surface reflections, scattering and absorption by damaged
domes, scattering of sunlight onto the detector by a damaged
dome, or emission onto the detector by a heated dome.
However, optical distortion by air pressure and by air
temperature gradients are negligible (Sec., III.F).

D. Specific Conclusions and Recommendations for
Section IV: Impact Stress and Mechanical Behavior

1. There is a need to correlate both experimental data
and computer (code) calculations with the pressure relative
to the hardness of the material, p/H, and the nondimensional
exposure time corresponding to a number of impacts per site,
as illustrated in Figure IV.6, Section IV.D.4. While such
correlations will not replace detailed studies, they will
serve to put them in perspective and will show how useful
this rough correlation is in choosing materials for various

operating conditions.




2. Micron-sized fog, light snow, and micron-sized dust
will penetrate the boundary layer to produce crazing (Secs.
ITI.E.2, and IV.D). Cracks initiate and grow under repeated
impacts of very high stress and short duration. The
prediction of failure in these situations requires a
knowledge of dynamic crack toughness, KId (Sec. IV.E.6).

3. Various surface finishes and protective coatings
must be studied further since the erosion damage will be
strongly affected by them, especially in the micron-sized
particle regime. Some effect will also occur for larger
particles where cracks initiate from a thin tensile region
at the surface. (Sec. IV.C.3).

4. A quantitative approach is essential for an
understanding of the damage phenomena (Sec. IV.C).
Numerical methods are currently reliable to within perhaps
10 percent, judging from a comparison of Eulerian and
Lagrangian formulations of the same problem. To convince
doubting applied mechanics researchers, complete
calculations should be made with the same boundary
conditions as Brunton's analytical solution.

5. The possibility of encountering hail means that
particle degradation in the slipstream before striking the
window cannot be guaranteed, and penetrations of the
slipstream may be of the order of meters, making protective

screens impractical (Sec. III.E.2).




6. A dynamic analysis of wave propagation from impact
of cones and wedges for particle impact, or at least a
quasi-static analysis, should be obtained (Sec., IV.E.4).

7. Diamond is important in establishing the upper
limit of erosion resistance to which systems should be
designed and used as a usable dome material for systems in
which the high cost and small size are tolerable. Sintered
diamond, which has withstood nylon impact at 2200 m/s with
no observable damage, should be studied further to determine
if it can be fabricated with the required degree of
transparency. On the other hand, diamond is thermally thin
and quickly reaches the recovery temperature (Sec. III.E.4).
Thus, self-emission phenomena and the strength of mountings
must be checked, as well as strength against fracture by
bending (Sec. 1IV.G).

8. As with the need for data on the mechanical
behavior of materials and materials properties, more
fundamental work on erosion must be continued so the results
are available for subsequent developments in new directions.
Perhaps as important is the need for all researchers to
compare results with existing physically based theories,

9. For radomes, where some material loss can be toler-
ated, in applications more emphasis should be placed

on simulating rain erosion on a laboratory scale by

repeated, controlled, impacts, especially on predamaged
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surfaces. For example, tests could involve lead, mercury,
bullet-activated intensifiers, or firing with a sabot (a
dummy projectile that accelerates the particle, but is
trapped out) (Sec., IV, F).

E. Specific Conclusions and Recommendations_for
Sections V, VI, and VII: Materials and Manufacturing

1. Radomes

The latest glass-ceramic composition Corning
Pyroceram® 960X, as well as silicon nitride (SijzN,), are
considered to have the greatest potential in high-velocity
applications (Sec, VI.A.3). The glass-ceramic composition
is of special interest because of its low thermal expansion
coefficient (a = 1.5 - 2.0 x 10—-6 C —1), which represents a
distinct improvement over its predecessor 9606 composition,
due to its enhanced thermal-stress resistance. Silicon
nitride is also important because of its combined resistance
to thermal stress and erosion.

In view of the foregoing, it is recommended that:

a. The Corning Pyroceram® 960X be tried for high
velocity applications. This material, while superior to
9606 in thermal-shock resistance against macroscopic thermal
stresses, is however, anticipated to be about equal in
erosion resistance properties.

b. A strong effort should be made to improve the
uniformity and density of silicon nitride by microstructure

control in processing by reaction sintering, conventional




1M

sintering, and hot pressing. Further, the glazing of silicon
nitride in order to put the surface into compression and to
eliminate moisture attack at the bearing surface of the dome
should be tried in tests involving the loss of up to a few
mils in thickness, depending on the intended radar
frequency.

c. The presence of a critical 3-5 um absorption
band in silicon carbide (SiC) should be confirmed or excluded

(VI.A.3).

2. 1 to 3 pm Wavelength IR Domes

The materials recommended under radomes apply for
the 1 to 3 uym range as well. Emphasis should be given to
improving the optical transmission in silicon nitride.

Other materials that have potential for this
wavelength range include spinel (MgAl,0,), magnesia (MgO),
and alumina (Al3;03). These materials have superior physical
and mechanical properties but require further microstructure
control for acceptable transmission. Therefore, it is
recommended that the spinels (MgAl,O,), magnesia (MgO), and
alumina (Al,03) be developed as replacements for magnesium
fluoride (MgF,). In such development work, microstructure
control and low—cost‘processing should be emphasized.

(Magnesia will require an anti-hydration coating).
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3. 3 to 5 ym Wavelength IR Domes

In addition to the materials considered as radomes
and 1 to 3 um transmitters, other candidates include thorium
tetrafluoride (ThF,) both as a bulk material and as a
coating. The low negative expansion coefficient and
potential optical properties of currently available thorium
tetrafluoride suggest its evaluation as a transmitter in
this range. This material (ThF,) can be prepared by fusion
casting or hot pressing. Accordingly, it is recommended
that the microstructure-property relationship of fine-
grained bulk thorium fluoride (ThF,) be evaluated, and that
quarter wavelength coatings of ThO, or MgF, be developed to
improve its moisture resistance.

4. 8 to 14 um Wavelength IR Domes

In this wavelength range, optical properties limit
the candidate materials to alkali halides and II-VI and
III-V compounds. Such materials are not likely to be
suitable for the supersonic range; however, improvements in
performance of existing materials are possible through
microstructure control or by composite approaches. For
instance, the mechanical properties of such 8 to 14 um
transmitters as ZnS, ZnSe and GaAs all can be improved by
process modification, microstructure control, and composite
structures. Even modest improvements here can improve

overall reliability and performance. 1In evolving such
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improvements emphasis should be placed on reconciling
erosion fracture results with microstructure, flaws, grain
size, porosity, etc., and processing characteristics in an
effort to maximize performance through accommodation in
materials processing. Also, it is suggested that thick
(e.g., 1 mm) coatings be used to enhance erosion resistance
(e.g., coating ZnSe with Zns and Thf, with ThO,).
Antireflection coatings (e.g., NdF3/ZnSe on ZnS) give some
improvement.

Sintered diamond, whose performance as a dome or
window is unlikely to be exceeded, can be used for 8 to 14
pm applications in which the ;elatively great cost is
tolerable. However, as is the case for single-crystal
diamonds, it may be necessary to use mosaic structures of
the sintered diamond material since the high pressures and
temperatures required in the sintering process may limit the
size of sintered diamonds to approximately 1.5 cm in
diameter.

5. Glazes

Glazes can be used to protect stress-kearing
surfaces from hydration and the subsequent weakening through
stress corrosion, and to introduce a surface compression.
Most glazes contain B,03 and since this oxide has a greater
affinity for water than does SiO,, Al,03 or MgO, it can

therefore be expected to keep moisture from the latter.
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This, coupled with a judicious choice of the thermal
expansion coefficient for the glaze, can increase bend or
tensile strength and, thereby, thermal shock resistance by a
factor of 2 to 3. Antireflective coatings may also ke
required.

Thus, it is recommended that a study be made of
the effects of glazes on, or impregnated into, the surfaces
of spinel, magnesia, and silicon nitride.

6. Antireflection Coatings

The major usefulness, other than optical, of anti-
reflection coatings is to prevent moisture pickup and
subsequent slow cracking (Secs. VIII.B, III.E.5, VI.B).
Modest improvements in erosion resistance have keen observed
through the application of double-layer coatings on zinc-
sulfide substrates. This achievement should be investigated
further, in regard to other relatively soft materials and
processes.

7. Manufacturing

a) There is a strong need for development of low-
cost processes for both materials fabrication and finishing.

b) wWhile several prdcesses are currently employed
in the fabrication of window materials, the overall analysis
suggests that particulate consolidation offers the potential
of lowest cost, but at the expense of serious optical

property limitation. The process is suitable, of course,
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for many radome materials of interest, e.g., silicon
nitride, alumina, fused silica.

c) Chemical vapor deposition (CVD) forming
processes offer the best route for complete densification
and impurity control, but generally at high cost because of
slow deposition rates and low yield. This situation can be
improved and the process extended to include other materials
of interest.

d) Melt-solidification processes are dominated by
glass forming operations where low costs apply. Finishing
costs for single crystal boule operations must ke
significantly reduced to enhance the prospects of their
application.

e) Low-cost precision grinding machining and
lapping processes be developed for all materials of
interest.

f) Nondestructive evaluation (NDE) techniques
need to be developed, applied, and proven to evaluate domes
and windows during production as well as after exposure to
severe environments, for protection against large scale
stress fields (e.g., edge effects due to air pressure and
thermal stress), as well as against environmental attack.
Except for monitoring residual stress fields (Sec. VIII.S8),

NDE techniques will not help prevent erosion itself, because
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rare flaws when hit by a drop, would usually only affect

local regions.

F. specific Conclusions and Recommendations for
Section VIII: Promising Design Improvements

In regard to changes in design, shutters are considered
to be the most promising approach. Oblique angles,
protecting spikes or screens, or aerodynamic windows 4o not
seem promising. An exception would be an exploratory study
of the mosaic window with thorium tetrafluoride panes to
study the problems associated with its design for use with
target designation by an infrared laser. When Type IIa
diamond can be produced at a reasonable price, the
possibility of constructing a diamond mosaic window should

be carefully explored.




SECTION II

INTRODUCTION

Erosion has long been a problem in a variety of
situations: condensation in steam turbines; cavitation of
ship propellers and hydraulic pumps and turbines; fly ash
and molten slag from coal-fired power plants and coal
gasification; and dust erosion of windshields for
automobiles, helicopters and aircraft.

The problem is especially acute in military missile
systems. Missile guidance uses one or more portions of the
electromagnetic spectrum; ultraviolet (UV), visible,
infrared (IR), and radio frequency for radar (RF). Data
gathered from combat experience, along with Department of
Defense programs in research, development, test, and
evaluation have pointed out the difficulties that current
missiles would have in carrying out their missions under
adverse weather conditions, including heavy rain and dust.

Intelligence sources continue to report advances in
potential enemy weapons capabilities, especially high-speed,
high-altitude aircraft and missiles. Thermal environments
encountered by missiles defending against these threats will
be formidable, especially since currently used ceramic dome
materials are just adequate for present systems needs.
Moreover, there appears to be little room for growth in the

application of current materials as the trend continues

17
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toward more severe operating conditions, including higher
operating velocities, longer lifetimes, and exposure to
erosive environments. For example, rain erosion (during
captive flight and during free flights) has been identified
repeatedly by materials engineers and designers as a major
environmental problem of concern to use and survival of
radar and infrared dome components.

In the light of such national interest proklems, the
Office, Director of Defense Research and Engineering of the
Department of Defense requested in January 1975 that the
National Materials Advisory Board of the National Research
Council initiate an appropriate committee study to recommend
a research and development program directed toward a
solution to these problems. Specifically, the charge to the
committee was to:

“Conduct a study to assess the feasibility of
developing infrared, radar and dual mode transmitting
materials that exhibit resistance to erosive
environments (dust or rain) combined with suitable
electromagnetic transmission behavior, to summarize a
set of conclusions pointing out the state of
understanding of erosion limitations for relevant
materials, and to develop a set of recommendations to
be used as guidelines for future R&D programs.

"Areas to be covered will include erosion
mechanisms, manufacturing technology, systems needs,
coatings, the various loading effects of possible
importance, impact response, and cost analysis, design
considerations, finishing needs and the suitability of
available methods for erosion testing and analysis."

The National Materials Advisory Board accepted this

charge and established an ad hoc Committee on Mechanical
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Properties of Infrared Transmitting Materials in March 1975.

The first meeting was held in June 1975 and six (two-day)

meetings were held subsequent to that time. 1In the

deliberations of the committee, the following representative

guideline-type questions were addressed:

What are the trade-offs between materials
solutions and design solutions to systems
requirenments that must be considered at the
earliest stages of systems design and materials
research and development? For example, a question
of a systems nature which must be answered as a
guide to development of future dome materials is:
How far can various guidance systems see through
rain fields? If shutters are used, the short
closing times on the target mean there is no need
to specify erosion resistance in missile domes
beyond that required for the distance that
guidance systems can see. This information,
combined with the use of a protective scheme
during captive flight, could minimize erosion
resistance as a probiem in design and materials
requirements.

How can the effects of rain and dust erosion
damage on IR dome optical performance ke

determined? 1In this regard, it is necessary to
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specify the level of damage above which systems
performance is compromised. Considerations of
this nature include the possibilities of minor
decreases in transmission under optimum
illumination, as well as scattering and
aberration.

. What are the nondestructive testing techniques
needs for development, including those to evaluate
domes in production as well as after exposure to
severe environments?

° What needs now exist to remedy processing
limitations for attractive dome materials? For
instance, the fabrication of spinel and silicon
nitride, the problems of forming to shape and low-
cost precision machining techniques all represent
areas in this regard.

Thus, in its work, the committee first reviewed these
various missile systems requirements, including operating
altitudes, ranges and speeds, and rain and dust in the
environment. It next reviewed the current understanding of
the mechanical behavior of likely kinds of materials,
including the mechanics of erosion. The limitations imposed
by the physics of the problem, including the electro-optic,

thermal, and ultimate mechanical properties, were studied.
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With this background, recommendations of possible
materials and finally the mechanical problems associated
with their manufacture, including cost estimates, were
evolved, along with possible design changes which might
obviate the necessity of or supplement material
improvements.

In arriving at their conclusions and recommendations,
the committee also invited experts in the field to give
papers before the committee. This report thus contains the
results of the deliberations of the committee members,
liaison representatives, and invited speakers, as well as
improvements suggested by reviewers of the report, insofar

as we could make them in the limited time available.







SECTION III

SYSTEM REQUIREMENTS

A. Introduction

Infrared windows and radomes employed in operational
systems must not be damaged by the environment to the point
that the performance of the associated system is excessively
degraded. Performance degradation may result from several
causes. Decreased transmission (due to heat distortion or
to the scattering that results from erosion by dust
particles and water droplets for example) may cause
excessive attenuation of the signal. In addition to this
attenuation, the scattering may flood the detectors with
radiation from extraneous sources (e.g., sunlight), reducing
sensitivity through saturation and increased noise. Erosion
may also increase the thermal emission from the window,
degrading the performance of infrared detectors. Finally,
deformation (due to cracking or softening) may degrade image
quality to the point that system resolution is inadequate.

It is not possible here to quantify the permissible
degree of environmental degradation for each specific
operational system. Hence the discussion will be restricted
to a categorization of the various systems employing
infrared windows and radomes, together with a krief
description of the associated system requirements and the
environments in which they must operate.

23
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B. System Categories

Systems employing infrared windows and radomes may be
grouped into two general categories: (1) trackers for
missiles and "smart" bomb and (2) reconnaissance and target
acquisition systems mounted in the bodies of aircraft or in
pods permanently attached to the aircraft. Both active and
passive techniques may be used in each category. Missiles
may be used in air-to-air, air—to-surface, surface-to-air,
or surface-to-surface applications; these categories are
discussed separately below.

Trackers may be either gimballed or fixed. Gimballed
trackers use an on-axis optical system in which a target
image and a reticle (or detector array) move with respect to
each other. ' The entire system looks out of a dome which is
usually a portion of a sphere, and the detection head moves
on gimbals inside this dome. The required portion of a
sphere which must be occupied by the dome is determined by
the f-number and the field of view. Air-to-surface missiles
oriented toward the target before release need only a
relatively small field of view (and small dome); "dog-fight"
missiles, on the other hand, uéually require
hyperhemispherical domes. The Sidewinder, Falcon, and
Redeye missiles are examples of gimballed trackers. Fixed
trackers may use either spot or image. Some of the "smart

bomb" systems use a laser-illuminated designating spot that
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is tracked with a fixed quadrant detector in a fixed head
(others form images). 1In either case, for fixed trackers
the missile or bomb is itself pointed toward the target
scene, so that the window need occupy only a small portion
of a sphere.

Infrared- and optically-guided missiles may be employed
in either the "launch and forget" mode or with midcourse
guidance. In the launch and forget mode, the target must be
acquired prior to launch; this means that the amount of dust
and the number of water particles in the path of flight is
limited, easing the environmental requirements on the
optical dome. In this case, the environment during
prolonged captive flight prior to launch, even though at
lower speed, may pose the most severe problem, suggesting
some form of protection (internal storage or removable cap)
during this phase. This consideration becomes increasingly
important as the enemy threat becomes more severe, forcing
the missile-carrying aircraft to fly at higher speed, lower
altitude, and, perhaps, to stay within clouds to survive.

There are basically two types of reconnaissance
devices: (1) downward—looking'(straight down) strip magpers
that scan line-by-line and use the vehicle motion to
generate the continuous strip image; and (2) forward-looking
systems, such as forward-looking-infrared-systems (FLIRS),

which generate a frame by scanning in both directions,
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independent of the vehicle motion. Both use a flat or
slightly curved window.

C. Spectral Regions

The primary regions of interest are 3-5 pm, 8-13 um,
and such specific laser wavelengths as 1.06 pm, 3.5 um,

5.3 pm, and 10.6 pm. Table III.1 includes a summary of the
spectral regions of interest in specific applications.

The spectral region employed has a powerful influence
on both the nature of the optical system and the final
choice of window material. Passive gimballed missile
systems may use a broad band in the 3-5 um window for
tracking hot tailpipes. A broader aspect coverage may be
achieved, however, by tracking the plume; the 2.7 um or the
4.3 pym region are most suitable for this purpose. The
3-5 uym region has a number of advantages relative to the
8-13 pm region: (1) detector performance is better; (2)
less cooling is required; (3) target signatures are usually
larger; (4) background signatures are smaller; and (5)
diffraction effects are smaller. On the other hand, the
8-13 um region enjoys the very important advantage that the
signal arises from the entire fuselage, so a centroid
tracker will center on the aircraft rather than the plume.
This spectral region may, accordingly, be employed in the
future against aircraft at'high Mach numbers, which have a

strong signature in the 8-13 um region due to aerodynamic
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heating of the skins. Nevertheless, the present trend is
toward the 2.7 pum and 4.3 um spectral regions. Some
existing missiles are designed primarily for tail-chase, and
employ a fairly broad band in the 3-5 upm region.

The imaging missile has been used almost entirely
against surface targets. The spectral regions employed
can be either of the infrared reconnaissance bands, 3-5 um,
8-13 um, or any of the useful laser lines such as 1.06, 3.8,
5.3, or 10.6 pm.

Two-color systems may be employed for discriminating
aircraft targets from background clutter or decoy flares; in
this case the domes may be required to transmit visible or
ultra-violet radiation, as well as infrared.

D. Flight Regimes

The altitude and speed of the vehicle will determine
the dome heating, as well as rain and particle erosion. The
flight regimes of interest include wide ranges of altitudes
and speeds. Specific currently envisioned cases are
discussed below and summarized in Table III.1, arranged by
application; i.e., air-to-air, air-to-surface, surface-to-
air, surface—-to-surface, and réconnaissance.

1. Air-to-Air

Air-to-air missiles are generally of either of
two types: short-range infrared-guided "dogfight" missiles

used in engagements with hostile aircraft, and long-range
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radar-guided missiles designed to prevent hostile aircraft
or missiles from penetrating to within a lethal range of the
target.

The short-range air—-to-air infrared missile has
been a classic in the development of an inexpensive,
effective weapon in the arsenal of both the Navy and the Air
Force. If the system is to continue to be economical, the
size of the collector must be maintained as small as
possible. However, the range, speed, and angular field of
operation all may be increased with improved technology of
various types. Altitudes of application are generally 0-20
km. The missiles employed are generally less than 20 cm in
diameter and require a dome almost as large as the missile
diameter. Look angles are generally less than 60° but
hyperhemispheric domes could be required. Due to
atmospheric attenuation of the source signal and the
visibility required to conduct such a dogfight, it is
unlikely that the missile will encounter severe rain
conditions in free flight. Due to the short ranges of the
encounter and the relatively slow speeds of the combatants,
missile velocities are generally below Mach 4 at sea level,
and below Mach 7 at 60,000 feet. From the discussion in
Section E, 2, below, it can be seen that the stagnation
temperatures under these conditions are 937° C and 2088° C,

respectively. That is, during flight the missile is
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subjected to an environment which is the equivalent of a
blowtorch whose flame is at these temperatures. Even though
the flight times are short, high surface temperatures may be
reached. Since the thermal conductivity of the dome is
unusually low, the heating will probably be confined to a
thin outer shell, introducing severe strains unless the
thermal coefficient of expansion is very low. Another
serious consideration for these windows is the long captive
flight times in all weather environments at aircraft speeds.
Repeated exposure to severe environments can seriously
degrade the optical surface and render the missile useless.
Long-range standoff missiles generally require
active radar in the 3-30 cm wavelength range for missile
guidance due to the long range involved. The longer ranges
and higher speeds that these missiles experience, as
compared to the infrared-guided missiles, generally lead to
aerodynamic heating of the dome. The larger size of the
radar components generally requires domes of a larger size
than the infrared missiles - up to 30-40 cm in diameter.
The shape of the dome is generally ogive. Once again, these
comments hold generally for ali radar-guided missiles
regardless of application. The missiles are generally
employed at higher altitudes where environmental
considerations are seldom severe, but they can be used at

lower altitudes and should be capable of surviving heavy
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rain fields. The performance requirements for radar domes
are, however, much less severe. Thus, dome heating has
essentially no effect on system performance, and much more
erosion by dust and rain can be tolerated before the
performance is appreciably degraded.

Future Projections. The development of highly

maneuverable aircraft at speeds of Mach 3 or more and the
drive towards an all-weather capability has serious
implications for air-to-air dome technology. Missiles with
speeds exceeding Mach 9 may be developed which are either
radar-guided all the way, or which employ infrared guidance
the terminal phase of flight. Thus, a dome material would
be required to survive all weather environments at speeds of
up to Mach 9 while retaining its imaging and mechanical
performance under severe thermal environments.

2. Air-to-Surface

There are basically three types of air-to-surface
missiles: radar- or infrared-quided missiles, laser-
designated missiles (which home on a laser spot), and
imaging missiles or imaging acquisition systems. With long-
range missiles, inertial guidance may be employed during
mid-course. In virtually all cases, missile speeds are low
so that aerodynamic heating of the dome is not a serious
consideration, even in the long ranges of some radar—-guided

missiles. The low speed also reduces the erosion problem,
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but since the missiles are employed at low altitude, the
probability of encountering erosive conditions is quite
high. This can lead to severe problems with the relatively
easily eroded materials used for missiles operating in the
visible and infrared even at the few kilometer ranges at
which they are employed. High-speed, low-altitude captive
flight while enroute to the target area can experience
highly erosive conditions. The sizes and shapes of the
domes for radar- and infrared-guided missiles are similar to
those of the air-to-air missiles.

Imaging missiles, requiring domes of up to 30 cm,
are generally larger and slower than infrared- or radar-
guided missiles. The requirement for line-of-sight
visibility implies that weather conditions cannot be too
severe in the target area, but the dome must be able to
withstand light rain environments, since imaging resolution
must be maintained at all times. Wavelengths of interest
are usually the visible for TV-guided missiles and the 8-12
pm range for the infrared missiles. Target acquisition
systems generally employ flat plates as windows which
transmit in the visible or 8-12 um spectral region, although
arguments can be made for 3-5 um imaging. Practical
considerations imply speeds less than Mach 2 at altitudes
less than a kilometer. However, these speeds and altitudes

can lead to severe erosive conditions.
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Designated missiles generally operate at near-IR
wavelength, but other available laser wavelengths could be
employed. Such a sytem requires a designator either on the
same or another aircraft which has line-of-sight visibility
of the target.

Future Projections. As in the case of the air-to-

air missiles, the development of high speed aircraft and an
all-weather capability has implications for dome technology.
Missile speeds of Mach 3.5 and longer flight times may be
required. Dual mode capability of radar combined with
infrared or visible for terminal phase guidance may be
required.

3. Surface-to-Air

The missiles used for surface-to-air encounters
have dome requirements somewhat similar to the air-to-air
and air-to-surface missiles considered above in that the
larger, higher speed, higher altitude missiles used for
long-range standoff are generally radar-guided, while the
smaller, lower speed (approximately Mach 3), low altitude
missiles are generally infrared-guided. Since the missiles
are ground based, erosion prior to launch is not a problem:;
but the missiles can experience highly erosive conditions
during the early portion of their flight.

Future Projection. Once again, the development of

higher performance hostile aircraft and the need for an
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all-weather capability have implications for dome
technology. Higher-speed, more maneuverable, longer-range,
higher-altitude, dual-mode systems may ke required to negate
the threat.

4. surface—-to—-Surface

Missiles for this application may employ any of
the guidance techniques mentioned above for the air-to-
surface case. In addition, they may be wire guided, in
which case no window is required. Of particular interest,
however, is the designated missile or projectile which
requires an observer with line-of-sight visibility to the
target. All present applications employ near-IR laser
wavelengths, but any available laser line not highly
absorbing in the atmosphere could be employed equally well.
Ranges are generally several kilometers and speeds less than
Mach 3. However, due to the low altitude involved, severe
dust and rain environments can be encountered in all flight
phases. Of particular note in the area of designated
projectile is the cannon-launched, guided projectile, which
can experience g-loads of up to 1200 after high temperature
soak in the breech of a cannon.

Future Projections. It is anticipated that all

wavelengths - visible, IR, and radar - could be employed in
surface-to-surface encounters without target designation

provided the seeker is sufficiently sophisticated to reject
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clutter and decoys. Such missiles might be aual mode with a
longer range than currently used missiles. Once again, the
need for an all-weather capability drives the consideration
toward radar frequencies.

S. Reconnaissance

For good tactical imagery, the diameter, 6§, of the
ground resolution element should be of the order of 0.1 m.

With a diffraction limited optical system, 6 is given by

6= 2\h/D 0 (ITI-1)
where A\ is the operating wavelength, h is the altitude, and
D is the aperture diameter. For practical reasons, D
usually cannot be larger than 0.25 m, so that at A\ = 10 um,
it is seen that this resolution requirement limits the
altitude to roughly one kilometer or less. For strategic
reconnaissance the ground resolution can be decreased, the
aperture increased, and the aircraft changed. Thus, higher
altitude and speed are allowed.

Low altitudes are desirable in order to avoid the
diffraction-limit problem. Furthermore, high speeds are
desirable in order to help protect the aircraft from enemy
fire. Reconnaissance flights at supersonic, or even
subsonic speeds, at low altitude may suffer more severe
limitations than those imposed by the window materials.
Since reconnaissance devices look down, rather than into the

air stream, aerodynamic spoilers, protective covers, and
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other such devices can be used to ameliorate the window
problem in an effective way. The FLIR (forward looking
infrared) systems, however, may be required to look forward
in order to permit action based upon acquired imagery.

E. Environmental Considerations

Windows may be eroded or fractured by impact of
particles traveling at the velocity of the vehicle and will
be heated by air at the effective stagnation temperature.

1. Particle Size Distributions

Particle size distributions within a numker of
cloud types, as estimated by Caton (1966), are presented in
Figure III.1. From this figure it can be seen that, for
example, a Stratus I type of cloud may contain about
240 x 106 droplets per m3 having a radii between 2.5 pum and
4.9 pn.

More serious for optical windows, however, are
raindrops whose size distributions are presented in Figure
III.2 by Deirmendjian (1975) . 1In this figure the curves
designated as "Rain-10" and Rain-50" are distrikutions based
on Deirmendjian's model for rain falling at rates of 10 and
50 mm per hour, respectively. The dashed curves represent
measurements made, at the indicated rainfall rates, by Caton
(1966) and by Cataneo and Stout (1968). It may be noted

from this figure that, for example, with a rainfall rate of
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50 mm per hour, a missile will encounter roughly np = 500
drops per m3 with a radius between 0.4 mm and 0.9 mm.

Of interest in erosion or damage is the number of
impacts N. at any point of the window. For drops of area

wd2 /4 impacting a surface moving perpendicularly a flight

distance x¢ through n, particles per unit volume,

Ni = nprwdz/4 (I111-2)
For example, with nb = 500 raindrops per m3 of 0.8 to 1.8 mm
diameter, the number of impacts at any point per kilometer
is Ni/x% 0.25 to 1.3/km. With fog having np = 1360 x 106
drops per m3, of diameter 3.6 to 8.4 pum, the number of
impacts per kilometer is 1.4 to 7.5/km, assuming the fog
particles are not deflected.

2. Estimate of Drop Penetration through the
Slipstream

While detailed experimental studies of drop
penetration have been made, analytical estimates are
included here to give more insight into the mechanisms
involved. The air flow in front of the body will be
deflected, tending to slow down any impinging particles.
This effect may be accentuated by the boundary layer or by a
normal shock. Since the particles are 800 times denser than

air, they may still penetrate quite a distance. At the same
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time, the high aerodynamic forces will tend to kreak up any
liquid drops.

An estimate of penetration can ke obtained by
calculating the time and distance required to slow a
particle down to some fraction of its initial velocity,
after it suddenly encounters a fluid at rest. For suksonic
velocities relative to the surrounding air, the particle
acceleration dv/dt is given in terms of its drag coefficient
CD, its frontal area Ap, its mass mp, the density of the air

Qa' and the relative velocity V:

2
CA PV /2
av__Dpa = . (II1-3)
dt m
P
Solving for dv/V2 and integrating give
1.1 _ ‘o e : (I11-4)
V2 Vl 2mp

Solving for v, = dxsdt, and normalizing in terms of a

characteristic distance
n ,2%ﬂ%%%h

\Y
dx 1

—

dt l+(€DpéA )Vlt . (I111-5)

2m
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Integrating once again gives the distance penetrated in

terms of the dimensionless time:

2m CDIgA
X = E—7$X- il —5;——2 Vlt , (I1II-6)
Dap P

In terms of the velocity ratio from Equation III.2,

2m V2

x = [——\tn == . (I1I-7)
C PA v
d a 1

If we take the final velocity ratio to be l/e, a drag
coefficient of 1/2, and assume the ratio of particle volume
to frontal area to be that for a sphere, 2%)/3, the
turbulent penetration distance has an especially simple form

P,
£ 3 . (II1I-8)

Pg p

L .8
-3

If, on the other hand, the particle is small
enough so that the flow around it is essentially laminar,
the decelerating force is given by the Stokes solution in
terms of the viscosity u, the particle diameter q>, and the

velocity V (e.g., Love, 1945, p. 598) as

F = 3muvd_ . (I11-9)
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The transition from laminar flow occurs roughly at a
Reynolds number of iO, as shown by superimposing Stokes'
relation on the empirical drag data for a sphere (e.qg.,
Sabersky and Acosta, 1964, p. 163). Dividing the drag force

by the mass of sphere and integrating gives the velocity as

a function of time:

V4
av _ 3 ﬂf i
dx 18 -
— = V, exp{- ———Ez- t . (II1-10)
dt 1 l%dp ‘ '

Integrating once again gives the coordinate as a function of

time, and the penetration at infinite time:

2 2
pa Vv a’v
_ 1 18ut /’}2 p 1l
X = l8p l - exp [_-‘% dp]§=¥ 18 . (III-;l)

~

Liquid drops will break up when the drag forces
become large compared to those due to surface tension 7.

For turbulent flow, this ratio is

2 .
pvzd2 PpV §E> - 7 (III-12)
d v
PP P
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Solving Equation III.12 gives the final diameter as a result

of particle breakup:

2 I-13)
a =7y /(p V") : (11
P p’ Pp
If, on the other hand, the flow is laminar, the ratio of

drag force to surface tension force is

3ppvd  _ 3wV 4 . (II1-14)

d 4

For laminar flow, the condition for particle breakup is thus
a critical velocity, independent of particle size.

Table III.2 presents typical data for sea level
and 11,000 m altitude (bottom of the stratosphere) and a
variety of Mach numbers. The viscosity and deﬁsity were
based on conditions after a normal shock, if the flow was
supersonic. Particle diameters were taken to ke 6 um for
fog, and 1.3 mm for rain. For fog particles, the Reynolds
number is not much above the value of 10, which is roughly
the transition from laminar to turbulent flow. As a result,
the penetrations estimated from th; laminar and turbulent
assumptions are comparable, except for the highest
velocities at sea level. Note that for fog the penetration
distances are of the order of 10 to 40 mm, indicating a
large cushion effect. For rain, the Reynolds numbers are

well into the turbulent region and the penetration distances




44

=== SLZ‘e  0ST'P  OFL°L 00% ‘1T 00% ‘1T 029 °‘S 0SS *9 09% ‘6 09% ‘6 8/W ‘A
Te/957
‘A110019A dnyjeaag aeurwe]
-— Z'g 9°% 1 91 9 0°1 ¥°2 9°¢g 1 wr Jp
OA %) /94 "1ejemieiq
dnyjgalg jusinqan], yeurq
gdees eAI6S €HSHE  €HOSSI €926 | €dS6S €d126  €HOLLI £H888 wuw ‘X (W g T = QE
-— 11 €1 02 6¢ 02 1 02 8¢ 61 ww ‘x (wfl g = ng
rl g1/%7,%%
‘uopBI}aUaJ JBUTUIR]
-— 006‘T 080°‘C 0.5°'C  039‘6 038 ‘6 619 090 ‘1 0€8 ‘2 0€8 ‘2 ww ‘X (W g ] = QE
-— 6 01 91 47 2% g S g1 g1 ww ‘x (mrg = nE
dp(®q /d9) (g/8)
uonjexjauad uﬁ@gnhd.ﬁ
—— 00% ‘ST 009°ST 00L‘ZT 0I¢‘6 0L9°? | 002°9%  00L°T¥ 00T ‘0S 00T ‘ST (upex :wrwx g°p n.aE
— 29 €9 6S 157 (44 €12 €61 6€T 69 (8oy wimlg = QE
M/PAd “ON spiouiay
ev°¢g S LS ¥ L9°2 1 1 LS ¥ L9°2 1 1 Ty /%
-— 2s 187 22 ST o1 Ly 92 81 81 gu/sN T ‘Cp)
8E1¢ 1561 96 €6¢ €63 4 9911 98% 883 882 3 ‘(poyszany) oL
— S63 853 122 863 8¥1 863 174 0ve 0L1 s/w ‘(yoyszony) A
8 g ¥ 4 1 S 0 ¥ 4 1 S°0
JaquInN YoBW JaqunN YO8N
¥9€°0 :gu/3y ‘Ayysueq 9221 ‘gW/38y ‘Aysuaq
000 ‘IT ‘W ‘9pmpy 0 ‘U ‘opnipiv

sdoxg 3o dnyjeexdg pue uorjeilsusd g III FATAVL




45

are of the order of 1 - 10 m, indicating the particles would
strike with nearly the free-stream velocity, if they did not
break up.

Water particles will break up, however, as
indicated by the 1-10 um final breakup diameters expected
from turbulent flow. This phenomenon has been studied by a
number of investigators, for example Reinecke and Waldman
(1970) who also give a number of references to earlier work.
Some work indicates that the breakup of the drop does not
reduce its momentum immediately. Therefore it can still
cause damage, perhaps over a penetration distance of a few
original drop diameters plus fragment penetration distances.

3. Aerodynamic Heating

The increase in the dome temperature Ly
aerodynamic heating can cause optical distortion (see
Sec. III.F.1), emission of radiation onto the detector (see
Sec. II1I.F.7), and thermal fracture of the dome (see
Sec. III.E.4). 1In this section Equation III-5, and Table
III.3 give the recovery temperature T,., and Table III.3
gives the heat transfer coefficient h. These values of T,
and h are needed in Section III.E.4 in the calculation of
the dome temperature.

Dome temperatures resulting from aerodynamic
heating depend first on the shape of the dome and the type

of flow, which set the heat transfer at the air-dome
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interface. They also depend on the radiation and conduction
from the dome. Specific cases must be considered
individually, but an introduction will be given here to give
some insight into the resulting thermal stress.

With no heat loss, the temperature will attain the
recovery temperature, Ii,given in terms of the free air
temperature T, , the ratio of specific heats, k, the Mach

1
number, M, and a '"recovery factor" r by
k-1

T. (1 —— g M2)
Tr =T + >

(II1I-15)

The recovery factor in turn depends on the Prandtl numker,
which is the specific heat at constant pressure, Cp, times
the fluid velocity, u, divided by the thermal conductivity
of the fluid, K, all taken at the film temperature. 1In
terms of the Prandtl number, the recovery factor is

approximately

r

(P = Cpp/K)n . - (I1I-16)

The exponent n is 0.5 for grazing laminar flow and
approximately 1/3 for grazing turbulent flow. Since the
Prandtl number is nearly constant for air at akout 0.7, it
is frequently sufficiently accurate to take the recovery
factor for turbulent flow to be 0.9 (e.g., Marks and

Baumeister, 1967, p. 11-109). (The writers do not know the
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value for blunt bodies, which do have finite heat transfer
in spite of zero velocity at the nose, but even r = 1 would
not make a serious difference here.)

When there is heat flow, we need the surface heat
transfer coefficient h giving heat flow rate per unit area
per unit difference between the film and recovery
temperatures IE = I}. The coefficient h can be roughly
estimated from the usual equations for convective heat flow
normal to cylinders, with the properties of fluid evaluated
at the film temperature T (e.g., Marks and Baumeister,
1967, p. 4-100, Equation 7):

h 0.26
- . . (I1I-17
(Pafvad/uf) 0.4 (Cpfuf/Kf)o 7 ( )

Pt s pE

If the speed is supersonic, the shock wave should be taken
into account. Convenient tables for normal shocks are given
by Marks and Baumeister, (1967, p. 11-98). Note that the
mass flow per unit area, Py ga s Stays constant through a
normal shock, and is the major contributor to the heat
transfer, thus justifying the experience that incompressible
equations provide a rough but useful estimate, even for
supersonic flow. Results from Equation III-17 are given in
Table III.3 for typical conditions for sea level and 11,000 m

altitude (the bottom of the stratosphere) a diameter d of 0.1 m.

and a film temperature eqgual to the recovery temperature., Note
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that the Reynolds number, d/pf, is of the order of 106,

P1eV1
justifying the use of equations for turbulent flow.

The approximate nature of Equation III-17 is
indicated in Figure III.3, showing a better fit to the data
for a cone than a sphere. McAdams (1954, p. 266) gives an
equation for spheres that, when corrected for high Reynold's
number gives about twice the value from Equation III-17.
Furthermore, the local coefficients of heat transfer may
vary by a factor of two around a sphere, (ikid., p. 257),
adding to the thermal stress expected.

The surface coefficients for radiant heat transfer

were calculated for comparison with the convection values in

Table IXI.3, using the relation

c(T_~ = T.) (III-18)

where ¢ = 5.67 x 10— W/m2K* is the Stephan-Boltzman
constant and T; = the initial temperature. Note that the
radiant heat transfer rises to 20 percent of the convective
heat transfer only at 11,000 m and Mach 5. The data were
not calculated for Mach 8 because fluid properties were not
readily available at the recovery temperature T = 2874 K.

4. Thermal Transients

From the results of this section it can be shown

that the thermal time constants for heating a dome or window
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of thickness ~ 0.25 cm at Mach 1 to 3 to the final
temperature T. are from ~ 2 to 70 seconds. Furthermore,
thermal properties have different effects in different
flight regimes. Consider the expression for the equivalent
stress for brittle fracture, < in terms of the maximum
temperature difference in the part, AT, , a thermal stress
concentration factor, TSCF, the modulus of elasticity E, and
the thermal coefficient of expansion a:

= TSCF s (III-19)
ob EaA{‘[‘max

The maximum temperature difference will be proportional to
the difference between the‘recovery temperature and the

initial temperature of the solid, suggesting the form

b T =T,
r 1

o = Ea(T_ - Ti)(ATmax> TSCF . (111-20)
To see the effect of thermal properties on

allowable thermal shock, solve Equation IXII-20 for the

allowable recovery temperature rise above the initial

temperature:

oo - ob/Ea . (I1I-21)
r i

AlTmax TSCF
(Tr—Ti)
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The first effect of material properties on allowable thermal
shock is through the numerator of Equation III-21, here

called the thermal shock resistance:

T = 0 /Ea (I11-22)
SR b

This terminology is used for historical reasons, even though
it now turns out that other properties as well affect
Equation III-21. The second source of material effects is
the relative maximum temperature difference due to a thermal
transient, T, 7(T. - Tj)- As will be shown in this
section, depending on whether conditions are in the initial
transient regime (Equation III-23), the thermally thick
regime (Equation III-25), or the thermally thin regime
(Equation III-27), the allowable environmental temperature
rise T. - T, varies inversely as the thermal conductivity to
the 1/2, 0, or 1 power, respectively. The specific heat
also has an effect, but it is not as important Lkecause the
product pCb varies much less than the thermal conductivity
from one material to another.

Finally, the thermal properties may in general
affect the thermal stress concentration factor. 1In the
above example with plates constrained against bending, the
stress will be compressive for thick plates, and it will ke
shown below that the compressive stress for fracture in a

brittle material is about 8 times the equivalent, or tensile
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strength. The thermal stress concentration factor is then
1/8. For thinner rlates restrained from bending but free to
expand, the stress gradient will tend to produce compression
on the hot side but tension on the cold side. The ratio of
tensile stress to thét caused by constrained heating, namely
the thermal stress concentration factor, would then depend
on the curvature of the temperature distribution, and hence
on some combination of thermal properties, depending on the
regime. For a thin plate heated in the center kut cool on
the edges, the edges would be in tension and the thermal
stress concentration might be much more than unity. Higher
thermal conductivity, tending to promote reaching this
state, would be harmful. If the choice of materials is
critical, a detailed design calculation will be required.

Consider a flat plate initially at temperature T,
suddenly exposed to a gas stream with a recovery temperature
T.. As shown in Figure III.4, there are essentially three
regimes: short times, long times with thick plates, and
long times with thin plates. For insight, approximate
equations that describe these three regimes are given in the
following section.

First define the following variables:

h surface coefficient of heat transfer, W m2 K-—1!

t time, s

p density, kg m3
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Thick Plate

d<<k/h % d>>K/h

FIGURE III.4. Transient Temperature Distributions in a
Thick Plate (Solid Lines) and a Thin Plate
(Dashed Lines).
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C specific heat, J kg—1 K-1
K thermal conductivity, W m—1 K-1
d distance; here plate thickness, mn.

a. Initial transient (until reaching the earlier

of the time limits given in Subsections (b) and (c) below):

AT o = [n2t \’2 : (III-23)
- C_K
T _-T, <, /

b. Thermally thick plates (hd/K > 1). The

maximum temperature difference occurs when the surface
approaches the recovery temperature, i.e., for times such

that
t > pCpK/h2 , (I11-24)

_ATmax/(Tr—Ti) =1 . (I11-25)
This temperature difference will be maintained until the

temperature begins to rise appreciably in the rear surface

at the penetration time

2
= d —
tp pcp /K . (ITI-26)
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The steady-state temperature T. is approached after a few

tp.

c. Thermally thin plates (hd/K < 1), constrained

against bending. The maximum temperature difference occurs

when (not until, as in the thick case), the temperature
begins to rise appreciably in the rear surface, again at the
penetration time of Equation III-26. The maximum

temperature difference is then

ATmax/(Tr—Ti) = hd/K . ' (ITII-27)

The steady-state temperature T is approached after a few

surface resistance time constants

t_ = pde/h : (III-28)

d. ' Numerical example. Note that depending on the

regime of interest, Equation III-23, 25, or 27 indicates
that the maximum temperature difference, contributing to the
allowable thermal shock in Equation III-21, varies as the
thermal conductivity to the power -1/2, 0, or -1. Clearly
the material properties that affect thermal shock resistance
depend on the situation. For example consider two
conceivable materials for Mach 2 and Mach 4 sea level
flight: =zinc selenide and diamond. Zinc selenide has

relatively typical properties; diamond represents an
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extreme, with high conductivity. The results are given in
Table III.4. The zinc selenide is thermally thick, with the
front surface reaching equilibrium rather slowly but the
heat soaking through even more gradually. For shorter times
the transient equation (II1-23) would apply. The diamond
window, on the other hand, is thermally quite thin and would
heat up almost immediately to the recovery temperature.

This would preclude the use of diamond where the recovery
temperature was high enough to cause serious radiation from
the window itself.

e. Derivation of equations for thermal

transients. Equations III-21-26 are only order-of-magnitude
equations, presented for the physical insight they can give.
The exact solutions for the ideal cases are usually non-
analytic. They are presented graphically in texts on heat
transfer (e.g., Carslaw and Jaeger, 1959; McAdams, 1954; and
Rohsenow and Choi, 1961).

Model the continuous temperature distributions of
Figure III.4 by the lumped parameter approximations of
Figure III.S5. For simplicity call all numerical factors
unity. The initial transient temperature difference of
Equation III-23, bTax = & -5, is found by first
equating the heat flow through the surface in time t at the
initial temperature difference T.- T to the temperature

rise in the heated layer of thickness Ax:

- = . III-29
nA(T -T;)t ~ pAMXC (Tg-T,) ( )
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TABLE III.4 Sample Thermal Transients in = Dome.
ZnSe Diamond
Thickness, 4, m 20E-3 2E-3
Surface coefficient, h, W 2K 1000 2000
Thermal conductivity, K, wm ik L 12 2000
Density, p, kg e 5300 3500
Specific heat, Cp' J kg_lK_l 377 544
Normalized thickness, hd/K 1.7 2E-3
. 2 2
Equation for t to reach AT __, Pc kK/h pC d° /K
t for AT , 8 24 3.8E-3
max
Equati f A -
quation for Tmax/(Tr Ti) 1 dh/K
i\ - -
T/(Tr Ti) 1l 2E-3
. . 2
Equation for time constant to T pPC_d /K pC_d/h
tp—>mq ¢S 67 1.9

r
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Tr —
T(t3)
T(t,)
2
T (1
T(t1)
Ti |
o d
|-<—Ax(t)—--|

FIGURE III.5. Lumped- Parameter Tempera-
ture Distribution in a Plate
of Thickness d.
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Next equate the heat flow rate to the surface with the heat
flow rate by conduction into the interior, considering the
temperature difference to act across the heated layer, of

thickness Ax:

hA(T - T,) ~k_ A (T -T.) . (III-30)
r 1 — s 1
ox
The temperature difference rise of the surface is found by

eliminating Ax from Equations III-29 and III-30

l’ —
LT =T =-T. ~ (T =T,) h2t 2 . (I11I-31)
max s 1 r 1 ————PC K
P

A ]

The time for the front face to reach equilibrium (T, - T; =

T- - T ) is found approximately from this initial rise:
2
T - T, ~ (T -T,)[h t 2 = Tr—Ti
s i r i ;E;E .

Solving for t, (X11I-32)

The penetration time of the heat pulse can ke
found by equating the heat flow into the heated volume by

thermal conductivity to the enthalpy rise

53 (T~T,) &, = PROC_(T_-T)) ,
2
tp= Cp° i (I11-33)
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The temperature difference at penetration of a
thin plate is found from Equation III-29 at the time of

Equation ITII-26:

ATmax = Ts_Ti = ht = hD . (III-34)

-T, T -T, d K
Tr Tl r 1 pcp

Finally the time for a thin plate to reach T. is found from
Equation III-29 at T, - T, =~ T, - Ty

t = pcp Ax/h =Pde/h . (III-35)

5. Humidity and Environmental Attack.

Ceramics under stress are subject to slow cracking in
the presence of water vapor (e.g., Wiederhorn, 1974).
Because of this, if there are any residual tensile stresses
from manufacture or prior service, the humidity will be
important during long-time storage. Temperature is
important. Because of relatively high activation energy
(80-120 MJI/kg-mole compared to kT at 293 K of 2.44 MJI/kg-
mole), a 10 K rise in temperature will accelerate crack

growth by a factor

Ry _ -aa/kr,  &H(T,-T))/KTyT) _ 5455 . (111-36)

R e—AH/le
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Furthermore, the pH of the solution, or other
solvents such as alcohols and toluene, may be important,
Coatings which are too thin to have a direct mechanical
effect may help protect against the environment during
storage. Minor scratches 6r nicks arising in handling or
captive flight might damage the coating and allow subsequent

slow cracking during storage.

F. Optical Degradation

In this section it is shown that thermally induced
optical distortion, mechanically induced radome distortion,
optical absorption, surface reflections, scattering and
absorption by damaged domes, scattering of sunlight onto the
detector by a damaged dome, and emission onto the detector
from a heated dome can seriously degrade the performance of
a system, but that optical distortion by air-pressure and
air-temperature gradients are negligible. Typical
thicknesses of plane parallel, 10 cm diameter windows
required to prevent excessive optical distortion and
material fracture range between 0.5 and 3 cm.

A prim;ry requirement of a dome or window is that it
transmit the signal of interest without excessive
degradation, which could result from absorption, reflection
scattering, focusing, or beam bending. The optical
degradation resulting from various effects is discussed

below.
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i Thermally Induced Optical Distortion.

It will be shown that a temperature gradient of
100 K from the center to the rim of an 0.1 m diameter window
induces optical-beam bendings of the order of a milliradian,
which is just great enough to cause difficulty in a typical
system. The general problem of determining the optical
distortion resulting from the heating of a dome of arbitrary
shape under arbitrary operating conditions is extremely
complicated. Both the thermal and optical behavior of the
dome must be determined. In order to establish the orders
of magnitude of the effects, a simplified model of a plane-
parallel window is considered. Temperature gradients in the
window distort the optical beam because both the window
thickness and the index of refraction n_ change with
temperature. Fracture of the window can, of course, occur
for sufficiently large temperature gradients.

Thermally induced optical distortion has been
studied in great detail as a result of recent interest in
windows for high-power lasers (Sparks, 1971). The central
results are easily understood as follows. First consider
the effect of the increase in thickness of the center of a
circular window that is AT degrees hotter at the center than
at its rim. If the thickness at the cool rim is 4, then the
thickness at the center is 4 + Ad, with Ad = daAT, where the

linear thermal expansion coefficient has a typical value of
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a = 10—SK-1. The inverse focal lengh, f-1, is of order

f-1r = 2(n. - 1)/r from the lens maker's equation, where the
radius of curvature r is related to the thickness change Ad
and window diameter D by the expression r-! = 8Ad/D2 since

r >> D is well satisfied. Combining these two results gives
£L =16 (n_ - 1) ad AT/D°. (TI1-37)
For n. = 2, a = 10-5Kk-1, 4 = 0.01 m, AT = 100 K, and D =
0.1 m, this gives f = 60 m.

If the focal length of the undistorted system is
F, the inverse focal length with distortion is F-1 & f-1,
Thus, for £ >> F, the change in focal length is Af = F2/f.
For F = 0.1 mand £ = 60 m, this gives Af = 200um. For
small f-number systems (with marginal rays approaching the
focal point at ~ 459), the corresponding distance in the
foc?l plane is approximately equal to Af. This value of Af
= 200um is just at the limit, set by geometrical
aberrations, for example, of a typical optical system. The
corresponding angular change for the small f-number systems
is A0 = Af/F = 2 mrad. The approximate value of A6 can also

be obtained in terms of the optical path difference

£ ==(n -1)Ad + dan , (I11-38)
op  r r
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and the relation

= = £ %D °
A© d/zop/dx 20p/2 (111-39)

1

4(nr—1) a dAT/D + term involving Anr

It is not difficult to see that the effect of the
temperature dependence of n. typically is of the same order
of magnitude as that of the thickness change. The optical-
thickness change resulting from Ad is (n. - 1) Ad = (n. - 1)
«aATd, and the optical-thickness change resulting from the
temperature dependence of n., is dAn., where Ank = (dnk/dT)
AT. Since a typical value of dnr/dT is 10-SK—-1, and the
value of (nr -~ 1) /a is ~ 10—5K-1 from above, the two
contributions to the optical path difference are comparable
in magnitude, as stated.

25 Air Pressure and Temperature.

A second thermal effect might arise from the
increase in the temperature of the air in both the boundary
layer external to the missile and inside the dome. It will
now be shown that the optical distortion resulting from
these heating and pressure changes of the air is negligible.
The refractive index of air is a function of temperature and
pressure. Thus the optical-system performance in the
rarefied atmosphere of seven kilometers is different from

that at sea level. The refractive index of air at standard
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temperature and pressure is 1.00027, and at seven kilometers
is 1.00000. The change in the focal length of a lens with
n_-= 2 and £ = 10 cr? is 2(2 - 1.00027)-2 r - 2(2 -
1.00000)-1 r = 10um, which is negligible according to the
previous discussion in which Af = 100 um corresponds to the
onset of optical distortion problems. It is not difficult
to show that distortions from temperature changes and from
the aerodynamic turbulence exterior to the dome are
negligible with respect to the assumed system accuracy of
the order of one milliradian.

3. Aerodynamic Pressure Induced Optical Distortion
and_Fracture.

Physical distortion of windows by aerodynamic
pressure can cause unacceptable optical distortion or
material fracture for thin windows. Typical required
thicknesses for plane parallel, 10 cm diameter windows with
one atmosphere pressure range between 0.5 and 3 cm. In this
section it will be shown that in order to be optically
tolerant to aerodynamic pressure loading, materials should
have great strength 9y great Young's modulus E, and a low
value of refractive index n.. The thickness set by these
parameters scales as (n, - 1) 1/S, E-2/5, and af-l’z. Also,
no reduction in window thickness is achieved strengthening
the material past a critical value %0
Loading effects, other than those of the impinging

particles, are outside the purview of the present committee
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except as they affect the material considerations. For this
latter purpose, only the simple cases of clamped and
unclamped plane windows are considered here, because of the
complexity of loading of various nonplane radome or IR dome
shapes.

Aerodynamic loading limits the minimum thickness d

of the window to the greater d of the values determined by

gr
fracture and optical distortion as follows: pressure
deforms the window, causing it to become a lens with a
finite focal length and aberration. Thus, if the window is
too thin, intolerable pressure-induced optical distortion
may result. There is less optical distortion in clamped
windows than in simply supported ones.

In some cases, particularly for large-diameter
windows of strong materials, the value d, of the thickness
required to keep the optical distortion from intolerably
distorting the image is larger than the value d; required to
prevent the window from fracturing under the pressure. For
small-diameter windows of weak materials, the minimum
allowed window thickness is determined by the pressure-

induced fracture. Expressions for dO are, from Sparks and

Cottis (1973),

déc) = 0.842 [(nr-l)(p/E)aD/XJl/SD . (ITI-40)

a®) _1.20a @ ) (ITI-41)
@] @] R
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where n,. is the index of refraction, E is Young's modulus, p
the static pressure, D the window diameter, and A\ the
wavelength. The superscript (c) denotes clamped edges, and
(s) denotes simply supported edges. A clamped window can be
made thinner, as expected.

The important features of Equation III-40 are that
the index of refraction should be small and Young's modulus
should be large, which was to be expected on physical
grounds. It is interesting that dependence of d, onn, and
E is rather weak, with d  ~ (n, - 1)1/5 E-2/5,

The criterion used in deriving Equations III-40
and III-41 was that the intensity at the target in an active
laser system not be reduced by more than a factor of two.
This requirement will be appropriate for some systems, Lkut
too stringent for others. However, the dependence of 4 on
n and E should not change drastically, and it is this
dependence that is of interest here. It should ke kept in
mind, nevertheless, that if great optical distortion can be
tolerated in some systems, then d will be limited by
fracture rather than optical distortion, and the value of n
becomes inconsequential in the present context.

In passing, notice that shorter wavelengths are
undesirable since thicker windows are required. The scaling
is as A\—-1/S_, Other considerations dictate shorter

wavelengths, of course.
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The values of dr (o) and dr (g) of the window
thickness 4 required to prevent fracture in clamped and

simply supported windows are well known (e,g., Marks, 1941):

%D
d = 0.433 (pSF/Of)

£ (<) (I11-42)

14

- ) I1I-43
A¢ (a) 1.28d ( )

where SF is the safety factor, which is sometimes taken as

4, and ¢. is the yield or fracture strength of the material.

f

Strong materials obviously are desirable, and e

; appears as

¢ —172 in df.
Since both fracture and optical distortion must be

avoided, the required value of 4 is the greater of d_ and do

£

d = greater of (d_., @ ) . (III-44)
gr f° o

Typical values of %p: range between 2 mm and 20 mm for 0.1 m
diameter windows with p = 0.05 MN/m2 (0.5 atm).

When the strength o increases past a critical

value 9 ¢ DO further reduction in window thickness is

realized since d is then limited by optical distortion, as

illustrated schematically in Figure III.6. Equating do to d

f
and solving for ¢ gives the values of e
2 2/5
o. = 0.264SF [__1 ég) A : (III-45)
= nr—l P D

Typical values of o range between 7 and 200 MN/m2.

fo
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4. Mechanically Induced Radome Distortion.

For radar systems, it is expected that some degree
of fracture and even some degree of mass removal can be
tolerated. The tolerance on radome thickness is typically
1 mil = 25 pym, and it is assumed that this is the
approximate amount of mass removal that can be tolerated.

S. Optical Absorption and Surface Reflection.

In this section it is shown that reflection from
two surfaces ranges between typical values of 8 to 20
percent, and that the optical absorption coefficient must be
less than or equal to 10-! cm—! in order to avoid absorgtion
greater than one percent in a one centimeter thick IR dome.

The loss of transmission from absorption and
reflection is simple to estimate. Absorption causes a loss
of irradiance (intensity) I in distance x according to the
Beer law I = %) exp (-px), where B is the optical absorption
coefficient. For the low-loss cases of interest, the
approximation exp (-fx) ~ 1 - Bx is well satisfied, and the
absorptance A of a window of thickness d is A = gd. Assume,
for example, that an absorption loss of one percent is
tolerable and that the window thickness is one centimeter.
The material must have a value of B less than or equal to
Asd = 10-2cm—!, a value that is not difficult to achieve in

good infrared materials.
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The reflection from two surfaces ranges between
typical values of eight percent (for n. = 1.5) to 50 percent
(for n = 3). Antireflection coatings obviously will ke
required in some systems in order to avoid such great

losses.

6. Scattering and Absorption by Damaged Domes.

In this section it is shown that surface cracks
with openings large with respect to the wavelength cause
essentially total optical loss in the cracked areas. In the
visible region of the spectrum, even the small ring
fractures caused by single-particle impacts cause
unacceptably great scattering, as can be seen by visual
inspection of the damaged windows. The major problem caused
by the scattering is the loss of transmission (Bennett,
1976) . Scattering of sunlight onto the detector can also be
a problem in some systems even when only a small fraction of
the dome has been impacted (Bennett, 1976). 1In order to
avoid excessive scattering of sunlight onto the detector,
the fraction of the surface that can be scratched with marks
on the order of a wavelength must, in general, be no greater
than approximately one percent. Avoiding amplifier
saturation can result in a lowering of the effective
detection sensitivity as the dome heats up. The relatively
well-known scattering from spherical voids will ke

considered for the insight it gives into scattering from
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partially opened cracks. It turns out that scattering falls
off very rapidly for openings less than the wavelength. For
scratches or cracks with openings large compared to the
wavelength, scattering from there may be a general clouding,
or obscuring of the signal by unwanted scattering from
sunlight.

Voids or cracks in window materials can cause both
scattering and absorption in the infrared. On the one hand,
long wavelength radiation is favored to minimize the
scattering, which varies roughly as A—*. On the other hand,
short wavelength radiation is favored to minimize the
absorption associated with bulk or surface lattice
processes. It is shown here how the infrared transmission
of a damaged window at some wavelength A is directly related
both to the concentration of voids or cracks and to the
average size of these defects with respect to the
wavelength.

To estimate how the infrared properties of a
damaged window are changed from the intrinsic window
material, start with an isolated spherical void embedded in
the window material. The theory for scattering and
absorption by isolated spheres has been reviewed in detail
by Van de Hulst (1957). In his analysis, the role played by

the sphere and the matrix is symmetrical so we expect that a
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spherical void in a solid matrix will scatter the same way
were the hole and solid interchanged.

In all cases, Van de Hulst shows that the results
can be written in terms of the scattering and absorption

efficiencies, O, and Q , which are defined by

s =m0 (I1I-46)
I 4

Ta = m® o (III-47)
I 4 !

where D is the diameter of the void, I is the total
scattered intensity, Ia is the total absorbed intensity and
I, is the incident intensity. The analysis of these
efficiencies depends on the relative size of the void and
the wavelength. To keep track of this parameter, we shall
define x = »D/X\ = kD/2, where N is the wavelength and K the
wave number (radiance/unit length) in the medium. For
infrared wavelengths in the five to ten micrometer region,
the degradation associated with several different ranges of
particle sizes can be estimated with some precision.

a. Void size Less than 0.0l m. For small voids

such that x = »d/X = kd/2 << 1, where d is the diameter of
the void, the scattering and absorption efficiencies take
particularly simple forms. If the dielectric constant of

the undamaged window medium is defined as € + ieo,

Q -8  4|(1-¢.)® + &2 ] (111-48)
s 3 X 1 2
P] 2
(1-2(':1) + 4€2_J ’
i l 49)
— ITI-
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Notice that Equations III-48 and III-49 have a void
resonance when e = 1/2.
For simple ionic crystals, the dielectric function
can be written for the infrared region as
€(w) _ “iz B ﬁ?
€ %2 - 52 (III-50)

~

where w2 = w2 + jwy(w) and € /€y ~ ﬂLz/qrz' A frequency
dependent loss in term y(w) has been introduced since the
frequency dependence of the absorption in the infrared does
not follow a Lorentzian function.

To determine whether absorption or scattering
dominates in the small particle limit, we must substitute
Equation III-S50 into Equations III-48 and III-49. 1In the
limit when qL>> . and d < 10 nm, we find that Q <05
hence, in the 5-10 micrometer wavelength region, a
submicroscopic void and crack with dimensions less than
10 nm, contributes more strongly to absorption than to
scattering.

So far we have treated only a single void. To
estimate the change in the absorption coefficient, we must
construct a composite medium with a number of voids and then

define average quantities for this medium.
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The average dielectric function is defined in
terms of the average electric field in the medium, E, and

the average polarization field P, so

P = <(€ = L ) E ) (ITI-51)
4

We assume the average field is a volume average of the

nearly constant field inside the voids, E;

) and the nearly

constant electric field outside the sphere E, so

E= (1 - fE + £E , (III-52)

where f is the fraction of the total sample volume occupied
by the spheres. The average polarization can now be written

as

P = (1L - £) ("T;—l) E ; (I1I-53)

Now in the quasi-static approximation, the field inside the
spherical void Ei in the presence of a constant far field E
is

ﬁ_) o ) (III-54)
£

i- W1+ 2

[
P TS
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Combining these relations together with the knowledge that
the tangential component of the E field must be continuous
across the composite boundary, we find that the effective

dielectric constant of the medium is

- . 3f (1l=¢) )
€= €( t 126 + 6(2+f) . (III-55)

Notice that the void resonance of the composite medium

occurs when the dielectric constant of the matrix
|€| ~ — {l-f i ; . (III-56)

Depending on the filling factor, the void resonance occurs

between :

L < € (ws) <0 (I1I-57)

This defines a narrow frequency region for w where

W < w, < W . (spherical) (I11-58)

(For ellipsoidal particles, the frequency region is slightly

broader; namely, uT,S uss “ - The difference is not
significant for the discussion here.) 1In this frequency

region, the absorption in the composite medium is larger
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than for the intrinsic matrix. However, for infrared domes
an inspection of Equation III-55 indicates that the
absorption in the composite medium is less than the
absorption in the instrinsic window material.

Thus, we conclude that as long as voids or cracks
have dimensions less than 10 nm, no degradation of the IR
properties of the window will occur. In fact, composite
windows which contain submicroscopic voids will actually
absorb less than the bulk material without these voids.

b. Void Sizes Between 0.01 and 0.2 Micrometers.

For this defect range, the efficiency of scattering stis
much larger than that for absorption so the latter
contribution can be neglected. Also ¢, is neglected with
respect to €4 in Equation III-48. Finally, multiple
scattering is ignored. The scattering cross section may be
related to the transmission of a beam through a dispersion
of Rayleigh voids of equal sign. For N voids per unit

volume, the attenuation due to scattering is (Kerker, 1969)

,n,da

dI
-_ = I C I ’ III-59
— N =, Qs T ( )
and the transmission is
r oo 208 _ -7 , (ITI-60)
ID
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where I, is the incident intensity and I is the intensity of
the beam emerging at the distance‘[. The attenuation
coefficient r represents the total energy scattered by a

unit volume of the scattering medium for unit incident

intensity. Combining Equations III-48 and III-59, we find
that
3 2
R Gt =%l , (III-61)
A 142€,
where £ = NV and V is the volume of a single particle.

For 200 nm, voids with a filling factor of S5 percent,
r < 10-2 cm1l,

It is concluded that Rayleigh scattering from this
range of particle sizes is negligible.

C. Between 0.2 and 3 Micrometers.

Void Sizes

Void sizes in this region
Debye scattering theory.
is that the *"phase shift"

void be negligible; i.e.,

X |l - Vgll << 1 ,

can be treated using Rayleigh-
The fundamental approximation here
corresponding to any point in the

that

(ITI-62)

A/wd and 4 is the largest dimension of the void.

For a sphere, Rayleigh obtained

where x =
2
Q = 9 (1 - e {é + 2% -
- 2
g &y 2ei)‘
1
l 2x2

-2 (0.577 + logdx + f
4

sindx _ 7
4% 16

cos u du)} .
u

- 4
%2 (1 cos4x)

X
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This equation }educes to the well known x* dependence with
x << 1. Kerker has shown that when 0 £ x £ 11 - \/EI the
Rayleigh-Debye theory is correct to within 100 percent of
the actual result. For a typical window material in the
infrared 'VGI'z 1.5 so that x € 2 for Equation III-63 to be
correct within 100 percent. Thus, at a five micrometer
wavelength, voids must be less than three micrometers in
size for this theory to be at all useful.

The attenuation coefficient r for a low filling
factor f of three micron voids can be estimated from
Equation III-63 using -rzd/st .

Rather than use Equation (III-63) to calculate Q_,
we note that from experiments by Atlas and Wexler (1973),

Qs ~ 1 for the experimental conditions; thus,

T a3 x 10°F em~l . (III-64)

This equation is valid only for small filling factors,
f £ 0.001, since multiple scattering effects have not been
included.

d. Large Density of Voids with Size Comparable

to the Infrared Wavelength. 1In this region of strong

particle scattering, multiple scattering plays an important
role. Since the multiple scattering problem has not been

completely solved, we are forced to interpolate from
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experimental data to describe the characteristic features.
Fortunately, scattering is not restricted to the optical
part of the spectrum and the scattering laws apply with
equal validity at all wavelengths. These laws depend upon
the ratio of a characteristic dimension of the particle toc
the wavelength rather than explicitly on the size. Thus,
there is a built-in scaling factor, x = »d/A. The
scattering of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>